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The evolutionary history of the African tribe Tragelaphini (spiral-horn antelope)
is controversial. Past phylogenetic relationships among species were based
on morphology or limited fossil evidence and are in conflict with mitochondrial
DNA sequencing studies that have been conducted more recently. Although
the group is distinguished from other African ungulates by the presence of
spirally-twisted horns, the nine recognized extant species differ considerably
in morphology, feeding habits and their habitat preference. The present study
aims to resolve the phylogenetic uncertainties of the Tragelaphini using
nuclear DNA sequence data derived from four independent DNA loci (MGF,
PRKCl, SPTBN and THY). These data were combined with all previously
published DNA sequences to produce a molecular supermatrix comprising
approximately 6000 characters. Both parsimony and model based
phylogenetic analyses of the nuclear DNA support the associations resulting
from the analysis of mitochondrial genes. These findings suggest that the
morphological characters previously used to delimit species within the group
are subject to convergent evolution. The molecular phylogeny presented
herein suggests that early members of Tragelaphini diverged from the other
bovids during the mid-Miocene approximately 15.7 million years before
present (MYBP). The common nyala (Tragelaphus enqest; and lesser kudu
(Tragelaphus imberbis) representing the most basal species, separated from
the other tragelaphids approximately 7.1 MYBP. This was subsequently
followed by the radiation of those species adapted to a more tropical
environment and they include the mountain nyala (Tragelaphus buxtom),
bongo (Tragelaphus euryceros), sitatunga (Tragelaphus spekel) and
bushbuck (Tragelaphus scriptus), and the arid adapted clade comprising the
giant eland (Taurotragus derbianus), common eland (Taurotragus oryx) and
greater kudu (Tragelaphus strepsiceros). It is thought that this split occurred
at the Miocene-Pliocene boundary approximately 5.4 MYBP. The timing of
evolutionary events within the tribe suggests climatic oscillations and





Die evolusionêre geskiedenis van die ras Tragelaphini
(spiraalhoringwildsbokke) is kontroversieël. Vorige filogenetiese
verwantskappe tussen die spesies is gebaseer op morfologie of beperkte
fossiel bewyse. Meer onlangse studies, gebaseer op mitochondriale ONS
nukleotieddata, is in teenstryding met baie van die evolusionêre hypotese
afkomstig van morfologiese studies. Alhoewel die groep van die ander
hoefdiere uitgeken kan word deur die aanwesigheid van spiraalvormige
horings, verskil die nege hedendaagse spesies grootliks ten opsigte van
morfologie, voedingswyse en habitat. Die hoof doelwit van hierdie studie was
om die filogenetise verwantskappe tussen die Tragelaphini spesies te ontleed
deur gebruik te maak van nukluêre ONS nukleotieddata afkomstig van vier
onafhanklike ONS merkers (MGF, PRKCl, SPTBN en THY). Die data verkry
is saamgevoeg by vorige gepubliseerde ONS nukleotidedata om 'n
"supermatris" van sowat 6000 karakters te produseer. Parsimonie en
modelgebaseerde filogenetise analise van die nukluêre ONS nukleotieddata
het ooreengestem met die resultate van vorige mitochondriale studies. Hierdie
bevindings dui daarop dat die morfologiese karakters wat voorheen gebruik is
om die evolusionêre verwantskappe tussen die Tragelaphini spesies te
ontleed onderhewig is aan konvergente evolusie. Die molekulêre filogenie
wat hierin beskryf word stel voor dat die ras Tragelaphini gedurende die mid-
Miocene, omtrent 15.7 miljoen jaar (MJ) gelede van die ander lede van die
subfamilie Bovinae geskei het. Tragelaphus angasi en Tragelaphus imberbis,
die mees basale spesies in die filogenie, het omtrent 7.1 MJ gelede van die
ander lede van die Tragelaphini geskei. Hierdie skeiding is gevolg deur 'n
split tussen die spesies aangepas vir 'n meer tropiese habitat (Tragelaphus
buxtoni, Tragelaphus euryceros, Tragelaphus spekei en Tragelaphus scriptus)
en die spesies aangepas vir 'n droë habitat (Taurotragus derbianus,
Taurotragus oryx en Tragelaphus strepsiceros) Hierdie finale skeiding het
gedurende die Miocene-Pliocene oorgang plaasgevind. Die tydsberekening
van die evolusionêre gebeurtenisse wat binne die Tragelaphini ras
plaasgevind het, gekoppel aan paleoklimaatdata, dui aan dat veranderinge in
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klimaat en die geassosieerde habitatveranderinge verantwoordelik was vir die
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The hollow-horned ruminantes, commonly referred to as bovids, have
traditionally been placed within the order Artiodactyla (Schwabland 1993),
renamed Cetartiodactyla following the inclusion of Cetacea as suggested by
recent molecular studies (Graur and Higgins 1994, Gatesy et al. 1996,
Montgelard et al. 1997, Gatesy et al. 1999, Matthee et al. 2001). The earliest
fossil evidence (Gray 1821) does not distinguish between an Eurasian or
African origin for the family Bovidae (Vrba 1985a, Hassanin and Douzery
1999a). A recent molecular study, however, indicates that the early members
of the family probably arose in Eurasia during the early Miocene,
approximately 20 million years before present (MYBP) from where they
subsequently colonized the open niches in Africa (Matthee and Davis 2001).
At present the family is thought to comprise 49 extant genera and
approximately 140 species (Vrba 1985a, Kingdon 1989, Nowak 1999). The
majority of these occur on the African continent, although certain lineages are
endemic to North America (e.g. Bison bison) and Eurasia (e.g. Saiga tatarica,
Wilson and Reeder 1993). Although equivocal on morphological grounds
(Janis and Scott 1987), the monophyletic status of Bovidae is well supported
by molecular studies (Allard et al. 1992, Modi et al. 1996, Hassanin and
Douzery 1999a, Matthee et al. 2001, Matthee and Davis 2001).
Traditionally the Bovidae is thought to comprise six subfamilies (Gentry 1992):
Bovinae (cattle, buffalo and spiral-horned antelope), Cephalophinae (duikers),
Hippotraginae (sable and roan antelope), Alcelaphinae (wildebeest and
impala), Antilopinae (gazelle and dik-dik group) and Caprinae (sheep and
goats). In contrast, investigations using DNA markers (Gatesy et al. 1997,
Hassanin and Douzery 1999a, Hassanin and Douzery 1999b and Matthee
and Davis 2001), chromosomes (Buckland and Evans 1978, Gallagher and
Womack 1992, Robinson et al. 1998), allozymes (Georgiadis et al. 1990),
serum immunology (Lowenstein 1986), physiological characters, and
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morphological studies based on gland structure and horn type (Kingdon 1997)
almost invariably support the delimitation of only two subfamilies. These are
the Bovinae including the tribes Bovini, Boselaphini and Tragelaphini, and
Antilopinae comprising the Alcelaphini, Hippotragini, Cephalophini, Reduncini,
Antilopini, Aepycerotini, Oreotragini and Neotragini (Kingdon 1997, Bronner et
al. 2003).
Taxonomy of the tribe Tragelaphini
The tribe Tragelaphini form a monophyletic lineage within the subfamily
Bovinae (Essop et al. 1997, Matthee and Robinson 1999a, Hassanin and
Douzery 1999a, Matthee et al. 2001, Matthee and Davis 2001). Members of
the tribe may be morphologically distinguished from other representatives of
the subfamily by the absence of internal sinuses in the frontals (Gentry 1978),
and the presence of unringed, spirally-twisted horns. Several dental
characteristics have been reported to unite the tragelaphid taxa, specifically
the presence of upper molars without prominent lateral ribs between the
styles. Importantly, however, this character is convergent when considering
the closely related tribe Boselaphini which shares a similar dental
characteristic (Gentry 1978).
Closely related sister tribes to the Tragelaphini include Boselaphini, containing
the primitive Indian nilgai (Boselaphus tragocamelus) and the four-horned
antelope (Tetracerus quadricornis), and the Bovini divided into buffalo Bovini
(Bubalus and Syncerus) and cattle Bovini (Bos and Bison; Pitra et al. 1997).
Both fossil and morphological evidence suggest that the Tragelaphini are a
sister group of Boselaphini (Gentry 1990). Recent studies based on the
combined analysis of multiple DNA fragments (Matthee et al. 2001; Hassanin
and Douzery 2003), however, suggests a closer evolutionary relationship
between the tribes Bovini and Tragelaphini, while the Boselaphini appears to
be most basal in the Bovinae phylogeny. Given the limited taxon
representation used by both studies, however, these findings must only be
regarded as tentative (see Gatesy et al. 1997, Hassanin and Douzery 1999a).
14
Stellenbosch University http://scholar.sun.ac.za
The spiral-horned antelope are restricted to Africa and are divided into nine
extant species (Figure I): greater kudu (T. strepsiceros), lesser kudu (T.
imberbis), common nyala (T. angas/), mountain nyala (T. buxtom), sitatunga
(T. spekel), bushbuck (T. scriptus), common eland (T. oryx), derby or giant
eland (T. derbianus) and bongo (T. euryceros) (Ansell 1971). The horns of
the different species are distinct and permit easy species identification (Nowak
1999). The presence of horns in both sexes of T. euryceros, T. oryx and T.
derbianus have been put forward as evidence that these taxa are a derived
monophyletic entity (Gentry 1990). This finding is not, however, supported by
studies based on general body form and pelt colouration which unite the eland
(T. derbianus and T. oryx) and kudu (T. strepsiceros and T. imberbis, Walker
1964) lineages. Haltenorth (1963) warned against the usage of these latter
characters for phylogeny reconstruction as they are extremely variable even
between subspecies. Cranial similarities have also in the past been used to
unite T. spekei and T. angasi (Roberts 1952, Kingdon 1989), and T. imberbis
and T. strepsiceros (Kingdon 1989, Alden et al. 1995). The unreliable nature
of these characteristics is also evident when considering T. buxtoni. The latter
was first described as intermediate between the T. strepsiceros and T. angasi
and originally named Strepsiceros buxtoni by Lydekker (1910). Only a year
later Lydekker (1911) reconsidered this association favoring an affinity
between this species and T. angasi and renamed the species T. buxtoni. The
inconclusiveness of many of the classic morphological studies has lead many
researchers to regard bovids as one of the most difficult of all mammalian
families to classify (Simpson 1945) which, given the focus of this study, lead
Ansell (1971) to state that the "classification of this group [tragelaphids] has
caused considerable divergence of opinion".
Three tragelaphid genera have historically been recognized. Tragelaphus
containing T. strepsiceros, T. imberbis, T. angasi, T. buxtoni, T. spekei and T.
scriptus; Taurotragus containing T. oryx and T. derbianus; and Boocercus for
T. euryceros. It has been suggested that the genus Boocercus be considered
a subgenus of Tragelaphus (Ansell 1971, Wilson and Reeder 1993). The
close relationship between these two lineages suggested by mitochondrial




Figure I: Distributions of a) T. imberbis, b) T. angasi, c) T. buxtoni, d) T. scriptus, e) T. spekei, f) T. euryceros, g) T. derbianus, h)




Figure I: Distributions of a) T. imberbis, b) T. angasi, c) T. buxtoni, d) T. scriptus, e) T. spekei, f) T. euryceros, g) T. derbianus, h)
T. oryx, i) T. strepsiceros redrawn from Schwabland 1993.
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Figure I: Distributions of a) T. imberbis, b) T. angasi, c) T. buxtoni, d) T. scriptus, e) T. spekei, f) T. euryceros, g) T. derbianus, h)
T. oryx, i) T. strepsiceros redrawn from Schwabland 1993.
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Robinson 1999a) is further underscored by the ability of T. euryceros and T.
spekei to hybridize even though these two species differ extensively in
morphology (Tijskens 1968). The taxonomic status of the genus Taurotragus
has similarly been questioned. Ellerman et al. (1953) placed T. derbianus and
T. oryx in a separate genus given the marked behavioral and morphological
differences which include horns in an open spiral and the absence of a dewlap
(Nowak 1999). In contrast to this Haltenorth (1963) argued for the placement
of all nine extant species of Tragelaphini in a single genus, Tragelaphus, with
Taurotragus as a subgenus. At present the recognition of a single genus
enjoys support from numerous studies based on fossil evidence (Vrba 1987),
mitochondrial DNA sequences (Essop et al. 1997, Gatesy et al. 1997,
Hassanin and Douzery 1999a, Matthee and Robinson 1999a), nuclear DNA
sequences (Hassaini and Douzery 1999b) and allozymes (Geogiadis et al.
1990).
Choice of genetic markers
A number of studies based on mitochondrial DNA regions (Gatesy et al. 1997,
Hassanin and Douzery 1999a, Hassanin and Douzery 1999b, Matthee and
Robinson 1999a) have included tragelaphid species. Unfortunately all studies
had incomplete taxonomic representation of the tragelaphids, so the
conclusions pertaining to Tragelaphini were limited. The most taxonomically
conclusive study, an analysis of cytochrome b sequences by Matthee and
Robinson (1999a) supported the close evolutionary relationship between T.
euryceros and T. spekei, invalidating the generic status of Boocercus. This
view enjoys support from other studies using the same marker (Hassanin and
Douzery 1999a, Hassanin and Douzery 1999b). Similarly, the phylogenetic
relationship suggested by cranial similarities of T. imberbis and T. strepsiceros
(Kingdon 1989, Alden et al. 1995), and T. angasi and T. spekei (Roberts
1952, Kingdon 1989) was not supported by the analysis of mitochondrial DNA
sequence data.
Matthee and Robinson (1999a) suggested that the contrasting phylogenetic
associations evidenced by the mitochondrial DNA and the morphological data
may be due to convergent morphological evolution, and that speciation in the
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group was probably the result of vicariance. This was based on the close
relationship between T. euryceros, T. spekei and T. scriptus observed in
mitochondrial DNA and it was argued that these seemingly derived species all
occur in dense forest habitat (Nowak 1999). The other basal species T.
imberbis, T. angasi, T. strepsiceros, T. oryx and T. derbianus, are all arid
adapted suggesting that tragelaphids may have evolved in the drier bushlands
and savannas of Africa and only subsequently moved into moist woodlands
and forest habitats (Hassanin and Douzery 1999a, Hassanin and Douzery
1999b, Matthee and Robinson 1999a). This proposed direction of
evolutionary radiation is in contrast to that proposed by Vrba (1987) and
Kingdon (1989) who placed T. spekei basal in the Tragelaphini radiation. A
similar hypothesis was suggested by an allozyme study (Geogiadis et al.
1990), which placed T. scriptus basal to the kudu and eland in all trees, a
conclusion supported by restriction site mapping of mitochondrial DNA (Essop
et al. 1997). If this holds, the basal placement of the T. spekei, T. euryceros
and T. scriptus clade suggests that the tribe Tragelaphini evolved in moist
forests and only later became adapted to drier grasslands. Such a hypothesis
is in close agreement with the extreme climatic changes suggested to have
occurred during the Miocene resulting in the expansion of savanna woodlands
and grasslands at the expense of forest habitats (Zachos et al. 2001). These
changes created conditions favoring the evolution of grazing and thus the
more arid adapted species.
In addition to mitochondrial DNA sequences, data for a variety of nuclear loci
are accumulating for most animal groups. Substantially larger than the
mitochondrial genome (approximately 166,000 times larger), the mammalian
nuclear genome can provide a suite of independently segregating markers
(Matthee et al. 2001). A number of recent studies (Gatesy and Arctander
2000, Madsen et al. 2001, Matthee et al. 2001, Murphy et al. 2001, Springer
et al. 2001) highlight the usefulness of nuclear DNA in resolving systematic
uncertainties. Although the majority of these studies have been based at
higher taxonomic levels, nuclear DNA markers were considered to potentially
have two benefits for the present study. First, variation in the evolutionary
rate of different nuclear fragments may allow resolution of both the deepest
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and most recent nodes of the evolutionary tree (Harrison 1991, Hillis and
Dixon 1991, Hillis 1999). Second, highly supported nodes retrieved from the
analysis of both the independent and combined nuclear data could be used as
supporting evidence for the validity of either the mitochondrial DNA or
morphological phylogenies.
Gene trees versus species trees
The development of the polymerase chain reaction (PCR, Mullis and Faloona
1987) revolutionized the field of molecular biology and had an immense
impact on phylogeny reconstruction. Given the availability of universal
mammalian primers (Kocher et al. 1989), the high mutation rate in animals
(Brown et al. 1982) and ease of alignment among lineages (Irwin et al. 1991),
mitochondrial DNA markers have been among the most exploited genomic
regions. Although mitochondrial DNA has performed well in recovering
phylogenies at nearly all taxonomic levels (Manceau et al. 1999, Matthee and
Robinson 1999b), the lack of congruence between the mitochondrial and
morphological phylogenies obtained for the tribe (Hassanin and Douzery
1999a, Matthee and Robinson 1999a) may be attributed to the rapid
evolutionary radiation of the tragelaphids in Africa. Such rapid cladogenesis
would have allowed little time for synapomorphies to accumulate thereby
reducing the robustness of clades detected in phylogenetic analyses (Gatesy
et al. 1992). Similar scenarios have been proposed for many mammalian
groups for example groups within the Cetartiodactyla (Allard et al. 1992,
Matthee and Robinson 1999a, Rebholz and Harley 1999), Rodentia (Lara et
al. ·1996, Matthee and Robinson 1997), Carnivora (Flynn and Nedbal 1998)
and Logomorpha (Halanych et al. 1999). Another confounding effect
influencing gene trees could be independent lineage sorting which can lead to
increased homoplasy where polymorphic characters have become fixed in
only a portion of the descendents of a polymorphic ancestor (Hillis 1999).
Additionally, the faster rate of nucleotide substitutions in mitochondrial DNA
loci may have resulted in multiple changes and subsequently to saturation




Given the problems effecting phylogenies derived from a single genetic
marker, it is necessary to make a distinction between species trees and gene
trees. A species tree represents the evolutionary history of a group, while a
gene tree reflects the diversification of a group of sequences within the
context of a species tree and as such is sensitive to the effects of
hybridization, lineage sorting and gene duplication events (Moritz and Hillis
1996, Lyons-Weiler and Milinkovitch 1997, Nei and Kumar 2000). The
collection of data from multiple and preferably independent markers may be
used to circumvent the discrepancies between gene and species trees
(Pamilo and Nei 1988, Atchley and Fitch 1991, Slade et al. 1994). Although
the use of independent markers may not always detect gene tree and species
tree conflicts, especially when comparing DNA regions that have undergone
identical lineage sorting (Lyons-Weiler and Milinkovitch 1997), congruence
among phylogenies derived from different data classes is considered the most
reliable indication in support of a species tree.
The combined approach to phylogenetic estimation
Recent studies based on the combined analysis of nuclear and mitochondrial
sequences (Gatesy and Arctander 2000, Remigio and Hebert 2000, Murphy et
al. 2001, Birks and Edwards 2002, O'Grady and Kidwell 2002) have
suggested that the rapid cladogenesis evidenced of many mammalian taxa
may be resolved using a combination of data sets from multiple sources.
Supertree and supermatrix approaches both allow for the simultaneous
examination of phylogenetic information from multiple sources (Gatesy et al.
2002). Supertrees are constructed utilizing topologies as phylogenetic
evidence with source trees recorded as a series of binary characters
describing each node (Jones et al. 2002). Although useful in incorporating
information from past studies where the raw character data is unavailable, the
methodology used in supertree construction can easily be confused, and
should thus be used with the necessary caution (Gatesy et al. 2002). Unlike
supertrees, the supermatrix approach involves the merging of all raw
character data into a single data matrix (Gatesy et al. 2002). The supermatrix
approach allows for maximum interaction of character information and has the
22
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potential to increase resolution, nodal support and accuracy (Remigio and
Hebert 2000, Gatesy et al. 2002).
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Aims and objectives of the study
Evolutionary processes are often complex and require an extensive
understanding of the phylogenetic relationships within a group. To this end,
an accurate phylogeny for the Tragelaphini is essential for interpreting the
pattern of lineage turnover within the group. The various species differ in
feeding (Gagnon and Chew 2000) and habitat preferences (Nowak 1999) and
these, together with the extent and timing of episodes of speciation, should
contribute to the broader understanding of environmental and climatic
changes in Africa.
The aims of this study were threefold:
1. To investigate the ability of conservative nuclear DNA intron sequences to
recover a robust phylogeny for a closely related group of bovids
characterized by a recent radiation.
2. To refute or corroborate the taxonomic discrepancies of the past, in
particular the relationship between T. spekei, T. scriptus and T. euryceros
observed in the mitochondrial DNA phylogenies. Similarly, an attempt was
made to investigate the relationships between morphologically similar taxa
(T. imberbis and T. strepsiceros; T. angasi and T. spekel).
3. To date the radiation events within the Tragelaphini, and correlate these
data with paleoclimatic change in Africa.
24
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Chapter 2: Materials and methods
Genomic DNA extraction and nucleotide sequencing
Zwickl and Hillis (2002) demonstrated that increased taxonomic sampling can
improve phylogenetic resolution. Where possible, the present study is the first
to include all nine recognized tragelaphid species and to use multiple
representations thereof (Table I). Given the scarcity of some species and the
difficulties encountered in obtaining fresh samples, in some cases dried
museum skins were used for DNA extraction. Total genomic DNA was
extracted using the standard phenol/chloroform/iso-amyl alcohol DNA protocol
(Sambrook et al. 1989). Each extraction cycle was checked for contamination
by including a negative extraction (i.e. all reagents and steps without DNA,
Sambrook et al. 1989).
Standard polymerase chain reaction (PCR) procedures were followed. The
PCR volume of 50).!1contained 5)l1(10x) buffer, 5)l1MgCb (25mM), 2)l1of each
primer (50)lM), 10).!1dNTPs (1mM), 24)l1ultra-pure water and one unit super-
therm DNA polymerase (Southern Cross Biotechnology). PCR amplification
was performed under the following conditions: one cycle of 3min denaturing;
25 cycles, with temperature 95° for 30s; 50 ° to 58°C for 30s; 72°C for one
minute and one last cycle at 72 °C for 5min (for further details see Matthee et
al. 2001). Standard precautions including negative controls (template-free
PCR reactions) were used to test for contamination of the PCR process, and
to ensure the fidelity of PCR reactions. Both strands were sequenced to
improve the accuracy of base identification. PCR products were separated in
0.8% agarose gels and purified using a commercially available extraction kit
(Nucleospin Extract- Macherey-Nagel). Cycle sequencing was performed
using Big Dye chemistry (Version 3, Applied Biosystems). The resulting
products were analyzed on a 3100 ABI automated sequencer.
In an attempt to investigate the utility of nuclear markers for the tragelaphid
evolution, four nuclear DNA regions were used. These include thyrotropin
(THY), protein-kinase C iota (PRKCl), B-spectrin nonerythrocytic (SPTBN)
25
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Table I: Tragelaphid species used in the study. Vernacular names, collection localities and source material used for DNA
extractions are provided.
Species name Vernacular name Collection locality Material Material provided
Taurotragus derbianus Giant eland Central Africa DNA Pretoria Zoological Gardens
Taurotragus oryx Common eland East Africa DNA Pretoria Zoological Gardens
Taurotragus oryx Common eland Tanzania DMSO preserved tissue Unknown
Tragelaphus strepsiceros Greater kudu Unknown DNA Pretoria Zoological Gardens
Tragelaphus strepsiceros Greater kudu Namibia Dried tissue J. Sakwa, University of Pretoria
Tragelaphus imberbis Lesser Kudu East Africa DNA Pretoria Zoological Gardens
Tragelaphus angasi Common nyala Unknown DNA Pretoria Zoological Gardens
Tragelaphus angasi Common nyala South Africa DMSO preserved tissue Unknown
Tragelaphus buxtoni Mountain nyala Ethiopia Dried tissue Powell-Cotton Museum
Tragelaphus buxtoni Mountain nyala Ethiopia Dried tissue Powell-Cotton Museum
Tragelaphus euryceros Bongo Unknown DNA Pretoria Zoological Gardens
Tragelaphus euryceros Bongo Congo DMSO preserved tissue Unknown
Tragelaphus spekei Sitatunga Unknown Tissue culture E. Harley, UCT Medical School
Tragelaphus scriptus Bushbuck South Africa Tissue culture E. Harley, UCT Medical School
Tragelaphus scriptus Bushbuck Southern Africa Dried tissue Unknown
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and stem cell factor (MGF). All primers used in the present investigation have
been successfully used in previous studies on bovids including selected
tragelaphid species (Matthee et al. 2001, Matthee and Davis 2001). Primers
are located within conserved coding regions and were selected from a set of
markers previously used to detect target inserts in bovine and ovine bacterial
artificial chromosome (BAC) libraries (Matthee et al. 2001). Most nuclear
sequence data were obtained from faster-evolving intron regions. An
additional four mitochondrial DNA and two nuclear DNA regions as well as
sequence data from outgroup taxa were obtained from public databases
(Table II). These included 12S rRNA (Gatesy et al. 1992), 16S rRNA (Gatesy
et al. 1992), cytochrome b (cyt b, Hassanin and Douzery 1999a, Matthee and
Robinson 1999a), cytochrome oxidase subunit III (cox III, Rebholz and Harley
unpublished) and nuclear regions aromatase cytochrome p-450 (cyp 19,
Hassanin and Douzery 1999b) and lactoferrin encoding region (Iactoferrin,
Hassanin and Douzery 1999b). In an attempt to reduce missing data and
with the availability of universal primers in the laboratory (see Matthee and
Davis 2001 for primer details) we extended the Genbank data by sequencing
all additional duplicate taxa included in our study. Unfortunately primers were
not available in the laboratory to complete the cox III, cyp 19 and lactoferrin
DNA data sets which were obtained from Genbank and taxa included in our
study without these sequences were added to the supermatrix but with
characters scored as missing.
Discussion of analytical methods used
i) Outgroup selection
Although it has been suggested that phylogenetic analysis can be performed,
at least initially, with a single outgroup (Nixon and Carpenter 1993), the
inclusion of more than one outgroup may reduce the introduction of errors in
the polorization of characters and thereby limit the retrieval of erroneous
evolutionary relationships (Milinkovitch et al. 1996, Milinkovitch and Lyons-
Weiier 1998). Additionally the inclusion of multiple outgroups of successive
relatedness to the ingroup reduces the effects of long-branch attraction in
parsimony analysis (Smith 1994) and can be used to test the assumption of
27
Stellenbosch University http://scholar.sun.ac.za
Table II: Taxonomic sampling used in the study. Accession numbers are provided where sequence data was used from previous
studies. • indicates specimens sequenced in the present study, the indicates missing data .•
DNA Region
Mitochondrial DNA Nuclear DNA
Species name 12S 16S Cox III Cyt b Cyp 19 Lactoferrin MGF PRKCI SPTBN THY
Tuarotragus derbianus * * • AF022062 • • * * * *
Taurotragus oryx AF091710 * AF030275 AF036278 AF091675 AF091646 * * * *
Taurotragus oryx * TOU87060 • AF022057 • • * * * *
Tragelaphus strepsiceros * * AF030278 AF022063 AF091676 AF091648 * * * *
Trsgelaphus strepsiceros AF091696 * • AF036280 • • * * * *
Tragelaphus imberbis * TAGMTTGRG AF030274 AF036279 AF091677 AF091649 * * * *
Tragelaphus angasi AF091698 * AF030271 AF091633 AF091674 AF091650 * * * *
Tragelaphus angasi * * • AF022066 • • * * * *
Tragelaphus buxtoni * * AF030272 * • • * * * *
Tragelaphus buxtoni * * • * • • * * * *
Tragelaphus euryceros AF091691 * AF030273 AF036276 AF091678 AF091644 * * * *
Tragelaphus euryceros * * • AF022065 • • * * * *
Tragelaphus spekei AF091692 * AF030277 AJ222680 AF091663 AF091645 * * * *
Tragelaphus scriptus * * AF030276 AF036277 AF091679 AF091647 * * * *
Tragelaphus scriptus AF091693 * • AF022067 • • * * * *
Boselaphus tragocamels BOSMTTGRG BTU87013 • AJ222679 AF091672 AF091642 AF165724 AF165725 AF165726 AF165729
Bos taurus BOVMT BOVMT BOVMT BOVMT BTAROCG AF281088 AF165716 AY029293 AF165718 BOVTSHB
Syncerus caffer AF091688 SCU87061 AF030279 AF036275 AF091670 AF091640 * AF210175 AF210197 AF210219
Aepyceros melampus AEYMTTGRG AEYMTTGRG AF030456 AEYMTTGRG AF091680 AF091659 AF165780 AF165781 AF165782 AF165785
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ingroup monophyly (Saverstock and Moritz 1996). For this reason four
outgroups of successive relatedness to the ingroup were used in the
phylogenetic analysis of the tribe Tragelaphini. The Indian nilgai (Boselaphus
tragocamelus), cattle (Bos taurus) and African buffalo (Syncerus caffer) were
used as representatives of the three currently recognized sister lineages
(Soselaphini, cattle Sovini and buffalo Sovini). In addition the impala
(Aepyceros melampus), a member of Antilopinae (following Sronner et al.
2003), was used to represent a distantly related lineage (Matthee and Davis
2001).
ii) Alignment
All sequences were aligned using the default settings of CLUSTAL X
(Thompson et al. 1997) and were optimized manually to ensure homology
(Appendix). Due to conservation of motifs and sequence length all sequences
were easily aligned and ambiguously aligned sites were excluded (Appendix:
4045-4053). Any heterogeneous changes were coded using the IUS code.
Exon and intron boundaries were defined from previously published sequence
data for each DNA region (Matthee and Davis 2001, Matthee et al. 2001). To
further ensure the fidelity of the DNA sequences, exon regions were
translated into amino acids and screened for functionality. No stop codons or
insertions were present in the exonic regions.
iii) Data partitioning
All characters and taxa were merged into a single data matrix or "supermatrix"
containing four regions of mitochondrial DNA origin and six regions of nuclear
DNA origin. For our supermatrix, a number of partitioning scenarios could be
justified and these were analyzed independently. Each DNA region amplified
was considered separately, or partitioned according to the origin of marker
(either mitochondrial or nuclear). This approach was followed because all the
mitochondrial genes are linked and represent a single marker system, and
independent examination of each of these DNA regions or partitions could
establish what effect each has on the supermatrix. The corroboration from
many independent DNA regions and partitions is accepted as providing strong
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evidence for the reliability of the resulting phylogenetic trees (Miyamoto and
Fitch 1995).
iv) Congruence of different data partitions
The inclusion of DNA regions which show conflict in a supermatrix has been
suggested to potentially mislead phylogenetic estimation (Bull et al. 1993). To
explore inconsistencies in phylogenetic signal among the mitochondrial and
nuclear partitions, incongruence length differences (ILO) were calculated in
PAUP* 4.0b10 (Swofford 1999). The ILO or partition homogeneity test was
originally designed to test the effect of data combination on homoplasy levels,
and assumes that as homoplasy increases, phylogenetic accuracy decreases
(Yoder et al. 2001). Following Lee's (2001) suggestion that the inclusion of
uninformative characters may cause the ILO test to overestimate the amount
of incongruence between DNA regions, all uninformative characters were
excluded prior to ILO analysis. It is important to realize that although the ILO
test has in the past been widely accepted as an effective statistical method for
deciding whether to combine independent data sets (Yoder et al. 2001),
numerous studies have cautioned against the use of ILO. This is because
homoplasy may have virtually no correlation with phylogenetic accuracy
(Sanderson and Donoghue 1989, Yoder et al. 2001). Additionally, lack of
congruence may be a result of missing taxa and the limited number of
informative characters in some DNA regions (Gatesy and Arctander 2000).
To further explore the heterogeneity among the DNA regions as well as the
designated partitions, a Bayesian approach similar to that previously applied
by Buckley et al. (2002) was also taken. Buckley et al. 2002 estimated the
0.95 posterior interval (the set of topologies contained in 0.95 of the posterior
distribution) for a number of DNA regions using MrBayes 2.01 (Huelsenbeck
and Ronquist 2001) and the summarise option in BAMBE 2.03 (Simon and
Larget 2000). A maximum likelihood topology for the combined data sets was
estimated, assuming the same model for all partitions. Limited signal
heterogeneity was assumed if the maximum likelihood topology fell within the
0.95 posterior interval for each DNA region. Although successfully applied to
New Zealand Circada data (Buckley et al. 2002), for the tragelaphids the
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paucity of variable characters in many independent DNA regions resulted in
several unresolved nodes in our study meaning that the supermatrix
maximum likelihood topology would almost never fall within the 0.95 Bayesian
posterior interval for a number of DNA regions. The original method
employed by Buckley et al. (2002) would thus incorrectly assume that these
unresolved data sets contain signal conflict. To overcome this problem we
simply compared topological congruence visually. Additionally, incomplete
taxonomic sampling characterizing some DNA regions, in particular those
obtained from previously published studies (i.e. cox III, cyp 19 and lactoferrin)
required that we performed the maximum likelihood analyses on truncated
data sets. Lack of conflict between 0.95 Bayesian and maximum likelihood
trees would suggest that the observed topologies could have given rise to the
sequence data. Conversely incongruence among trees would indicate that a
particular DNA region or partition evolved along an alternative topology or,
alternatively, the selected substitution model was miss-specified (Buckley et
al. 2002).
v) Selecting the best-fit model of nucleotide substitution
Numerous studies have cautioned against the use of an inappropriate model
of evolution in phylogenetic analysis (Sullivan and Swofford 1997,
Cunningham et al. 1998, Kelsey et al. 1999) and in particular the negative
effects on branch length and bootstrap support are well documented (Yang
1994, Buckley et al. 2001). The choice of model should be justified using
statistical tests and a number of ways to do this have been suggested. The
likelihood ratio test (LRT) has been extensive used in the phylogenetic
literature but the use of Akaike information criterion (AIC, Akaike 1974) and
Bayesian information criterion (BIC, Schwarz 1974) is also well entrenched
(Hasegawa 1990, Tamura 1994, Morozov et al. 2000). MODELTEST 3.06
developed by Posada and Crandall (1998) utilizes both the AIC and LRT to
select an appropriate model of evolution. The LRT compares the maximum
likelihood value of a topology estimated under a simple model, with the
optimal topology using a more complex model. The more parameter rich
model is only accepted if the addition of parameters significantly improves the
fit of the evolutionary model to the data. The AIC, which is based on an
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estimate of the Kullback-Leibler (K-L) distance, gives an indication of the
expected distance between any model and the evolutionary process which
generated the data (Posada and Crandall 2001). While both the LRT and AIC
compare competing models, Posada and Crandall (2001) found that the
model selection process was, in some cases, influenced by the order in which
models were tested, and the complexity of the initial model in LTR test.
Despite this, Posada and Crandall (2001) suggest that the LRT generally
performed better than the AIC under various conditions. Based on these
findings, and the concordance of the LTR and AIC tests, the evolutionary
model selected by the LRT for each DNA region or partition in the present
study was used in all maximum likelihood and Bayesian analyses.
vi) Phylogenetic estimation
Parsimony and maximum likelihood phylogenies were derived for individual
DNA regions, the mitochondrial partition, the nuclear partition and the
supermatrix using PAUP* 4.0b10 (Swofford 1999). Parsimony and maximum
likelihood analysis were performed using the heuristic search option with 100
replicates of random taxon addition and TBR branch swapping (PAUP*
4.0b10, Swofford 1999). The consistency index (Cl, Klug and Farris 1969)
and retention index (RI, Farris 1989) was used to access the relative amounts
of homoplasy present in each DNA region and partition. Although both the Cl
and RI measure the amount of homoplasy in a data set, the RI is considered
the more reliable indicator of saturation as it is less likely to vary with topology
(Nei and Kimar 2000). The use of differential weighting systems has been
extensively advocated in the literature (Goloboff 1993, Swofford et al. 1996,
Broughton et al. 2000) as a way of improving resolution by down-weighting
characters considered noisy or misleading (i.e. transitional changes).
Similarly, coding gaps as a 5th character (i.e. weighting indels proportional to
size) has been considered an effective way of incorporating phylogenetic
information contained within indels (e.g. Gatesy and Arctander 2000).
Analyses were performed on the mitochondrial partition, the nuclear partition
and the supermatrix using differential weighting schemes and coding gaps as
a 5th character. Character transformations were also equally weighted with




The reliability of a phylogeny can only be assessed by testing the relative
stability of nodes (Sanderson 1995). In the present investigation, the stability
of nodes was assessed using non-parametric bootstrap (Felsenstein 1985)
and decay index values (Bremmer 1988, 1994). Bootstrap analysis involves
assembling replicate data sets the same size as the original data matrix, but
containing randomly sampled characters from the same data set (Felsenstein
1985). Nodal support for parsimony trees was assessed by 1000 bootstrap
iterations (Felsenstein 1985). Computational limitations allowed only 100
replications for maximum likelihood analysis. Decay index values were
estimated using Autodecay 4.0 (Eriksson 1998) which provides the number of
additional steps or synapomorphic nucleotide changes required to collapse a
specific node (i.e. the length difference between the most-parsimonious tree,
which retrieves a node and the best tree lacking that node, Bremmer 1988,
1994). Support for nodes was also assessed using posterior probability
values generated by the Bayesian analysis (see below).
viii) Distribution of support among different data partitions
Conventional tests for data incompatibility (i.e. the ILO and Bayesian
approach described previously) measure the overall conflict among data sets
and are therefore not sensitive enough to detect conflict between particular
clades (Lee and Hugall 2003). The influence of different DNA regions on
selected nodes was assessed in a number of ways. First, following Kluge's
(1989) suggestion that the spread of synapomorphic characters among data
sets is a good reflection of the support given by each DNA region to the
supermatrix topology, unambiguous synapomorphies were derived for each
node supported by the supermatrix analysis. This was done using the trace
all characters option in MacClade 4.0 (Maddison and Maddison 1992).
Second, nodal data set influence (NDl, e.g. Gatesy et al. 1999) for selected
nodes were calculated for each of the 10 DNA regions. NDl measures the
support given by each DNA region for selected nodes in the supermatrix
analysis and it identifies potential areas of conflict between data sets (Lee and
Hugall 2003). NDl represents the decay index value at a particular node for
the supermatrix minus the decay index value at that node for the supermatrix
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excluding a specified DNA region. Scores may be positive, negative, or zero,
and reflect the effect that the removal of a specific DNA region has on the
level of support at a selected node. Following Gatesy et al. (1999) a positive
NDl value (in our analyses indicated in white, see later) indicates that removal
of a particular DNA region reduced support at a selected node. In other words,
this indicates that the particular DNA region contains phylogenetic signal in
support of a node. Conversely, a DNA region responsible for a negative NDl
at a node (in our analyses indicated in black) is assumed to have had a
negative effect on the selected node by increasing support once that DNA
region has been removed from the supermatrix. An NDl of zero (in our
analyses indicated in grey) indicates that a DNA region had no influence on
the support at a particular node.
As with decay index values proposed by Bremer (1988, 1994), the
significance of NDl values is highly dependent on the data examined and may
vary between phylogenies due to differences in the number of characters
examined. This may also be applicable within phylogenies due to the
differential distribution of homoplasy (Lee 2000). The application of a
standard significance level is therefore inappropriate (Lee and Hugall 2003)
thus making comparisons between data sets problematic (Bremer 1988,
Sanderson and Donoghue 1996). Lee (2000) proposed a method of
assessing nodal significance using a method similar to that used in decay
analysis. The most-parsimonious tree containing a node of interest and the
most-parsimonious tree without that node are compared. However, unlike
decay analysis where the additional steps or nucleotide changes required to
collapse a specific node are considered, AutoCIadeS 0.2 (Ericksson 2001)
uses Templeton's test (1983) in PAUP* 4.0b10 to statistically compare
individual nodes on alternative trees. If the most-parsimonious tree is better
supported than the constraint tree (P s 0.1) the node is considered
significantly supported. Alternatively, if the constraint tree is favored (P> 0.1)
the node is considered unsupported. The statistical quantification of support
at nodes facilitates comparisons among and within data sets, allowing for the
identification of hidden character support or conflict by the independent DNA
regions. For example, DNA regions not capable of retrieving a specified node
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when independently examined may lend support, or conflict, to a node within
the context of the supermatrix (Gatesy et al. 1999). Truncated data sets (i.e.
supermatrix lacking a particular DNA region) were analyzed using AutoCIadeS
0.2 in combination with the Templeton's test in PAUP* 4.0b10 to statistically
examine the effect the removal of a specified DNA region has on a particular
node. Following Lee (2000) who considered the 0.05 confidence limit to be
excessively conservative, we considered nodes with P s 0.1 significantly
supported.
ix) Bayesian inference
A number of authors have noted the superiority of model-based approaches in
phylogeny construction (Huelsenbeck and Hillis 1993, Kuhner and Felsenstein
1994, Huelsenbeck 1995). Lack of computational resources, however, makes
conventional maximum likelihood analysis on large data sets difficult.
Bayesian inference of phylogeny has recently been suggested as a practical
alternative to conventional maximum likelihood based methods. Bayesian
estimation of phylogeny rests on the posterior probability of the distribution of
trees. This is estimated using the Markov Chain Monte Carlo (MCMC)
method (Mau 1996, Rannala and Yang 1996, Mau and Newton 1997, Yang
and Rannala 1997, Mau et al. 1999). The method uses the fraction of time
that a Markov chain visits any particular tree as a valid approximation of the
posterior probability of that tree. Unlike conventional bootstrap techniques,
Bayesian estimation does not require the time-consuming re-optimization of
the likelihood function over many replicates (Felsenstein 1985, Goldman et al.
2000).
Although computationally effective on large data sets, a number of practical
problems related to the Bayesian method have to be addressed. A Markov
chain is typically started from a random point which may be far removed from
regions within the parameters space containing trees with the highest
posterior probabilities. A chain often requires a period of time before finding
trees representing a reasonable approximation of the posterior distribution.
Additionally, there is always the chance that any single chain may never find
the area representing the optimal tree space. To overcome this problem each
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Bayesian analysis was run for at least 1X106 generations with trees sampled
every 1DOth generation resulting in a total of 10 000 trees saved per
simulation. To check that stability (i.e. lack of improvement in maximum
likelihood scores) had been reached, each simulation was repeated three
times and variation in the maximum likelihood scores were visualized
graphically using Microsoft ® Excel (2002). Once stability was determined,
the topologies that formed part of the initial climbing stage (referred to as the
"burnin") were removed. This is normally obtained no later than 20 000
simulations. Additionally, the MCMC process is set so that four chains (three
heated and one cold) are started from random trees and run simultaneously.
To further increase the chance that the chains would converge on the area
with the highest posterior probability values, in each generation two chains
were picked randomly and their states changed so the cold chain, the source
from which trees are sampled, was provided with proposals of new states
from the hot chains.
The maximum likelihood parameters for initial Bayesian runs performed by
MrBayes 3.0b3 (Huelsenbeck and Ronquist 2001) on the independent DNA
regions, the mitochondrial partition, the nuclear partition and the supermatrix
were set as follows, "Iset nst = 6" (the general time reversible model,
Rodriguez et al. 1990), "rates = invgamma" (site-specific rate variation such
that some sites are invariant and the rates of others are drawn from the
gamma distribution), "basefreq = estimate" (estimated proportion of base
types from the data). Additionally, analysis were performed using the partition
function available in MrBayes 3.0b3. This differentially applies evolutionary
models to selected DNA regions allowing the evolutionary constraints of the
different markers to be incorporated into an analysis. The posterior probability
values used as a statistical means of measuring nodal confidence in Bayesian
inference have been found, in many cases, to be higher than conventional
non-parametric bootstrap values (also see Suzuki et al. 2002). This difference
has often been interpreted as indicating that conventional bootstrapping
methods are too conservative (Hillis and Bull 1993, Murphy et al. 2001).
Recent studies, however, suggest that posterior probability values may in fact
be inflated (Waddell et al. 2001, Suzuki et al. 2002) and consequently
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confidence was given to nodes consistently supported by both methods
(bootstrap y 70% and posterior probability values > 95%).
x) Tests of alternative molecular phylogenies
Conflicting associations derived from the mitochondrial partition, nuclear
partition and supermatrix were explored using constraint analysis. To
determine if an alternative topology differed significantly from a best estimate
of phylogeny, constraint analysis was performed using the Shimodaira-
Hasegawa test (S-H test, Shimodaira and Hasegawa 1999) in PAUP* 4.0b10.
If the log likelihood value from the constraint topology was significantly greater
than the log likelihood value from the best topology than the alternative
constraint hypothesis was rejected as the optimal topology.
Molecular clock calibration
In order to examine and interpret patterns of speciation among the tragelaphid
antelope, a timescale of lineage turnover is necessary. The molecular clock
hypothesis, first suggested in the 1960s (Zuckerkandl and Pauling 1965)
proposes that DNA sequences evolve at rates that are constant across
lineages and time thus allowing divergences to be estimated in the absence of
fossil evidence (Arbogast et al. 2002). Following the suggestion that
members of the Bovidae accumulate mutations in a clock-like manner over
time (Gatesy et al. 1997, Hassanin and Douzery 1999a, Matthee and
Robinson 1999a, Matthee et al. 2001), molecular clocks for each DNA region
may be justifiable. The ability of a molecular clock to accurately date lineage
divergence is, however, limited by the assumption that the rate of evolution
estimated for a lineage, and for a specific gene, is an accurate indication of
rate of evolution in other lineages for the same gene. Lineage-specific
variation has been well documented in a number of groups (DeBry 1992,
Takezaki et al. 1995) and has been suggested to be particularly pronounced
during times of rapid radiation, when normal evolutionary interactions are
accelerated (Bromham et al. 2000, Adkins et al. 2001). Lineage rate variation
between members of the tribe Tragelaphini within the nuclear and
mitochondrial partitions was therefore tested in two ways. First, the
substitution rates among lineages were compared relative to a closely related
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outgroup using the relative rate test (RRTree 1.1.11, Robinson-Rechavi and
Huchon 2000). Pairwise comparisons, initially including all ingroup taxa, were
performed using B. tragocamelus as reference taxon. The choice of outgroup
may effect the results of the relative rate test (Tajima 1993, Robinson et al.
1998) and for this reason additional analyses using B. taurus as reference
taxon were also performed. Thereafter, taxa showing significant rate
heterogeneity (0.01% confidence level) were re-examined following Rice's
(1989) suggestion that inaccurate probability values could result from multiple
testing.
As an alternative to the lineage specific relative rate test (and to explore the
severity and influence of any rate heterogeneity detected by the relative rate
test on the overall topology), a likelihood ratio based test was used to examine
the rate of evolution among lineages. A maximum likelihood tree was
constructed in PAUP* 4.0b10 using the model parameters suggested by
MODELTEST 3.06. A second maximum likelihood tree was similarly
constructed using the same model but with a molecular clock constraint.
These two topologies were compared statistically using the S-H test with 100
replicates of RELL distribution. The lineage rate variation tests were
performed on DNA regions characterized by complete taxonomic
representation (i.e. cyt b, 16S rRNA, PRKCl, MGF, SPTBN, THY).
Even if a constant rate of change is assumed, divergence dates may vary as a
result of taxon choice, DNA region, phylogenetic estimation method,
correction factor used and calibration points (Benton 1999). Molecular clock
estimates from single DNA regions may contain large statistical errors so
corroboration from multiple markers may be a more reliable method of
estimating divergence times (Kumar and Hedges 1998). In the absence of
any significant rate differences among lineages, molecular clocks were
calibrated independently for the four nuclear DNA regions (PRKCl, MGF,
SPTBN and THY) and two mitochondrial DNA regions (cyt b, 16S rRNA) using
the maximum likelihood corrected sequence divergence values plotted against
dates derived from the fossil record. Maximum likelihood corrected sequence
divergence values reduce the effect of among-site rate variation on molecular
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clock estimates therefore facilitating comparisons among the different DNA
regions investigated herein as well as published studies (Arbogast et al.
2002). The first calibration point was based on the divergence of the Sovini
and Soselaphini (15 MYSP, Vrba 1979). The second calibration point marks
the divergence between cattle (tribe Sovini) and T. angasi, reported to have
occurred 11.5 MYSP (Hill et al. 1985). The split between the two lineages
constituting the tribe Sovini, the cattle and buffalo (10 MYSP, Janecek et al.
1996) was used as the third calibration point. Following Kumar and Hedges
(1998) the divergence time between any two groups was estimated using the
average divergence time from all species pairs belonging to those groups.
This procedure was performed for each DNA region separately and finally an
average multiloci time estimate was calculated.
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Chapter 3: Results and Discussion
Data description
The aligned supermatrix containing 10 DNA regions, 6 of nuclear origin and 4
of mitochondrial origin, contained 6000 characters, 2736 bp non-protein
coding and 3264 bp protein coding sequences. The different DNA regions
were characterized by variation in mode and rate of evolutionary change
(Table III) but as was to be anticipated from the faster evolving markers, the
combined mitochondrial partition contained a higher proportion of variable
characters (28.9%). Interestingly, the low among-site variation (0 = 1.023)
present in the mitochondrial DNA data was caused primarily by cytochrome b
data (0 = 2.023), while the other mitochondrial markers contained more
variation (0 = 0.162-0.736). This surprisingly low among-site variation in the
cytochrome b region has also been detected in the tribe Reduncini (Birungi
and Arctander 2001). The nuclear partition had less variable characters
(13.1 %) with all nuclear DNA regions showing greater among-site rate
variation (0 = 0-0.505). Although Bull et al. (1993) have cautioned against
combining data with different among-site variation, Sullivan (1996) suggested
that the combined analysis of DNA regions with different evolutionary
constraints under a homogeneous reconstruction model (i.e. parsimony with
all characters weighted equally) may reveal signal present in some DNA
regions which may have been obscured by noise when analyzed separately.
In other words, a combined analysis may lead to the inclusion of the hidden
support contained within some independent DNA regions which could
significantly improve the robustness of clades in the supermatrix topology.
As typical of mammalian lineages (Irwin et al. 1991) the mitochondrial partition
showed a bias against guanine (A = 32.5%, T = 25.5%, C = 26.8%, G =
15.2%). The nuclear partition (A = 28.9%, T = 32.2%, C = 19.6%, G = 19.3%)
displayed a general bias against both guanine and cytosine.
The consistency (Cl) and retention index (RI) values (Table IV) were generally
lower in the mitochondrial partition (Cl: 0.4861 to 0.7500, RI: 0.5889 to
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Table III: Patterns of variability among the independent DNA regions, mitochondrial
partition, nuclear partition and supermatrix.
Nucleotide Frequencies
DNA partition Total bp % Protein % Variable Gamma
Coding Characters distribution %A %T %C %G
a value)
12S rRNA 591 0 15.6 0.736 36.1 22.7 24.7 16.5
16S rRNA 348 0 23.9 0.489 34.9 24.6 2IJ 19.2
Cyt b 1140 100 35.8 2.023 31.9 25.9 28.9 134
Cox III 783 100 31.0 0.162 27.2 40.9 28.8 29.0
Cyp 19 194 0 6.70 <0.001 33.2 334 18.0 15.4
Lactoferrin 341 0 19.1 <0.001 19.2 24.1 29.2 27.5
MGF 674 0 14.1 0.499 32.3 34.6 18.1 15.0
PRKCI 667 11 9.60 <0 OOI 34.3 38.7 1l.2 16.0
SPTBN 765 16 16.1 0.505 23.2 27.2 24.8 24.8
THY 667 34 9.90 0.139 30.1 32.6 19.3 18.1
Exon 2316 100 672 30.2 26.3 27.8 15.8
Intron 3684 0 562 30.8 30.7 20.3 18.3
Mitochondrial 2862 67.2 28.9 1.023 32.5 25.5 26.8 15.2
Nuclear 3138 12.8 13.1 0.318 28.9 32.2 19.6 19.3
Supermatrix 6000 38.6 20.6 0.606 30.7 28.9 23.1 17.3
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Table IV: Summary of the topologies obtained from analysis of the independent DNA regions, mitochondrial partition,
nuclear partition and supermatrix. The number of parsimony informative characters, number of trees, optimal tree length,
consistency index (Cl) and retention index (RI) values are given for each parsimony tree. Nodes A-G correspond to those
in Figure IV, X indicates where a node was not retrieved, ? indicates where a nodes could not be retrieved due to missing
taxa.
Nodes No. nodes




12S rRNA Pars. 51 94 142 0.5510 0.5882 51 X X X X X X 0
ML 51 X X X X X X 0
Bayesian 0.70 X X X X X X 0
16S rRNA Pars. 61 3 151 0.5547 0.7311 72 77 X X X X X 2
ML 73 63 X X X X X 1
Bayesian 0.99 1.00 X X X X X 2
Cyt b Pars. 290 3 904 0.4861 0.6346 81 86 67 96 X 90 58 4
ML 100 88 79 94 X 93 70 6
Bayesian 1.00 0.99 1.00 1.00 X 1.00 0.79 5
CoxIII Pars. 153 161 13 0.7500 0.8333 85 75 91 X 92 88 96 6
ML 98 50 58 X 79 88 98 4
Bayesian 1.00 0.84 0.94 X 1.00 0.97 1.00 4
Cyp19 Pars. 4 13 15 0.8000 0.8571 X X X ? X X X 0
ML X X 52 ? X X X 0
Bayesian X X X ? X X X 0
Lactoferrin Pars. 19 9 73 0.8889 0.9231 100 X X ? 76 X X 2
ML 100 X X ? 73 X X 2
Bayesian 1.00 X 1.00 ? 0.99 X X 3
MGF Pars. 37 5 116 0.7547 0.8632 100 X X X X X X 1
ML 99 88 X X X X X 2
Bayesian 1.00 X X X X X X 1
PRKCI Pars. 17 104 52 0.8261 0.9149 96 X X X X X X 1
ML 93 X X X X X X 1
Bayesian 1.00 X X X X X 0.64 1
SPTBN Pars. 37 142 0.7736 0.8667 89 X 92 92 82 X 97 5
ML 80 57 85 95 84 X 90 5
Bayesian 1.00 X 0.97 1.00 1.00 X 1.00 5
THY Pars. 31 24 75 0.7209 0.8400 100 X X X X X X
ML 100 X X X X X X
Bayesian 1.00 X X X X X X
Mitochondrial Pars. 550 1699 0.4753 0.5527 100 100 96 78 67 94 94 6
ML 100 100 96 87 60 99 100 7
Bayesian 1.00 1.00 1.00 1.00 0.54..().57 1.00 1.00 6
Nuclear Pars. 145 6 491 0.7162 0.8215 100 X 87 75 X X 91 4
ML 100 X 95 77 X X 89 4
Bayesian 1,00 X 1.00 1.00 X X 1.00 4
Supermatrix Pars. 700 2 2203 0.5043 0.5938 100 98 100 96 X 96 99 6
ML 100 71 100 99 X 98 97 6
Bayesian 1.00 0.96 1.00 1.00 0.75 1.00 1.00 6
% of times nodes were recovered 92.41 61.54 61.54 38.46 38.46 30.77 53.85
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0.8333) when compared to the nuclear partition (Cl: 0.7209 to 0.8261, RI:
0.8400 to 0.9149). This may indicate that the characters contained in the
mitochondrial partition are more prone to the effects of saturation. In
particular, the cytochrome b DNA region with the lowest Cl value (0.4861)
may be especially vulnerable to saturation. Although saturated characters
(e.g. third codon positions) are often removed from phylogenetic analysis, it
has been suggested that not all homoplasic characters are real homoplasies
and their retention may therefore increase phylogenetic structure (Kallers]o et
al. 1999). Consequently, all characters were included in analysis. The
supermatrix's empirical TIITV ratio increased from 5.43 to 9.01 when the
mitochondrial partition was considered but decreased to 2.19 when the only
the nuclear partition was examined. The Tl/Tv ratios of the supermatrix,
mitochondrial partition and nuclear partition (excluding outgroups) were 6.75,
1.56 and 12.16 respectively.
Sequence divergence
Pairwise maximum likelihood sequence divergence values calculated for the
supermatrix among tragelaphid lineages ranged from 2.45% (T. euryceros
and T. spekel) to 7.88% (T. imberbis and T. buxtoni, Table V). Pairwise
sequence divergence values among individuals of the same species ranged
from 0.02% within the geographically isolated T. buxtoni lineage, to 0.69%
within the geographically widespread T. scriptus lineage. Comparisons of
outgroup and ingroup taxa revealed sequence divergence values of 8.55% (B.
tragocamelus and T. oryx) to 17.87% (A. melampus and T. scriptus). The
mitochondrial partition displayed higher sequence divergences of 4.84% (T.
euryceros and T. spekel) to 14.61% (T. imberbis and T. buxtont; The nuclear
partition's values deviated slightly from those observed for the supermatrix
and mitochondrial partitions with T. derbianus and T. oryx (0.60%) sharing the
closest relationship, and T.spekei and T. imberbis the most distant
relationship (2.07%).
Congruence of different data partitions
The partition homogeneity test based on incongruent length differences
indicated that there was no significant conflict between the mitochondrial
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Table V: Percentage sequence divergence values from the supermatrix among the tragelaphid species. Values below the
diagonal represent the uncorrected P values, the values above the diagonal represent the GTR+G+I parameter corrected
sequence divergence values.
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2.71 2.87 4.13 4.18 5.58 4.85 4.63 4.43 4.46 4.26 4.25 4.42 4.58
4.63 4.91 4.28 4.47 3.42 4.66 4.59
4.67 4.38 4.41 3.58 3.51 3.96 4.09
5.13 5.11 4.56 5.08 4.36 4.96 4.99
5.12 4.44 4.47 4.30 4.28 4.38 4.64
5.80 7.88 6.50 7.22 5.90 7.31 7.38
0.29 7.20 6.03 6.29 5.12 6.56 6.03
*** 5.90 5.94 5.10 5.10 5.51 5.22
4.45 *** 0.02 4.52 3.53 4.84 5.00
4.45 0.02 *** 3.63 3.56 4.01 4.17
3.98 3.66 3.01 *** 0.40 2.84 3.67
3.95 2.95 2.96 0.39 *** 2.45 2.82
4.19 3.85 3.25 2.45 2.15 *** 3.89
4.04 3.98 3.39 3.06 2.46 3.21 ***
3.87 3.27 3.24 2.49 2.44 2.71 0.65
8.71 9.29 8.81 9.36 8.71 9.40 9.39
6.60 7.84 6.77 7.51 6.48 7.80 7.55
6.88 7.74 7.06 7.75 6.87 7.75 7.67
6.54 6.73 6.68 6.17 6.29 6.20 6.18
4.28
3.75 16.20 11.65 11.04 8.55*** 0.29 3.33 3.40 6.31 5.66
3.78 15.26 9.62 10.17 8.940.28 *** 3.49 3.49 5.00 4.82
4.52 17.47 12.70 11.92 9.352.81 2.88 *** 0.18 7.01 5.95
4.45 16.43 10.74 10.65 9.782.85 2.89 0.17 *** 6.16 5.27
5.73 17.3112.1612.5010.244.76 3.93 5.12 4.61 *** 7.02
4.81 17.52 12.42 12.25 9.804.36 3.79 4.49 4.07 5.12 ***





5.59 5.26 4.02 17.63 13.19 12.78 10.60
3.49 3.54 3.62
3.57
3.57 4.80 4.54 3.99 16.60 10.69 11.29 10.56





3.46 4.47 4.00 2.83 16.11 10.07 10.72 9.60
3.72 3.37 3.94
3.13 3.60
3.50 5.26 4.85 3.22 17.86 13.20 12.84 9.53
3.14
8.90 8.41 9.28
3.70 5.34 4.56 0.69 17.87 12.61 12.61 9.57
7.21 6.28 7.62






8.38 *** 16.22 14.86 13.82
5.78 5.97 6.10
6.80 7.60 7.50
6.40 9.04 *** 9.80 8.76
6.33 6.52 6.34
6.78 8.53 6.57 *** 8.58
6.16 8.03 5.98 5.85 ***
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partition and nuclear partition (P = 0.11). The comparisons between the 0.95
Bayesian topologies with the maximum likelihood topologies for each of the 10
DNA regions analysed, revealed no conflict suggesting that each of the
independent DNA regions had evolved under a similar, but not necessarily
identical underlying topology (Buckley et al. 2002). Both partition
homogeneity and the Bayesian approaches supported the combination of data
into a supermatrix.
Phylogenetic estimation
The stability of nodes assessed by parsimony bootstrap and decay analysis of
the mitochondrial partition, nuclear partition and supermatrix are presented in
Figure II. Maximum likelihood bootstrap analysis using the LRT model
parameters suggested by MODELTEST 3.06 (Table VI) resulted in topologies
shown in Figure III. Differential weighting of the mitochondrial partition,
nuclear partition and supermatrix did not result in improved resolution.
Similarly, coding gaps as a 5th character did not improve resolution of the
mitochondrial partition, nuclear partition and nor the supermatrix.
Consequently all characters were equally weighted and gaps coded as
missing data. Only the topologies derived from these analyses are presented
and discussed.
Bayesian analysis employing the different optimal models of evolution
determined by MODELTEST 3.06 for each DNA region did not result in
improved resolution for either of the three data partitions. The Bayesian
inference was thus assumed to be independent of model choice. This is in
contrast to the literature which often reflects increased support when different
models are specified (Sullivan and Swofford 1997, Cunningham et al. 1998,
Kelsey et al. 1999) but in our case the results are probably biased by the
limited number of characters available for some independent DNA regions.
The three independent Bayesian runs performed on the mitochondrial, nuclear
and supermatrix partitions converged on identical topologies with similar log-
likelihood scores. Graphic representation of the three runs indicate that
convergence of the Markov chains was reached no later than 20 000
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Figure II: Parsimony bootstrap topologies for a) mitochondrial partition, b) nuclear partition and c) supermatrix. The
values above the branches indicate bootstrap support, the values below the branches indicate decay index values for the
respective nodes. Tree lengths are indicated in Table IV.
46
Stellenbosch University http://scholar.sun.ac.za
Table VI: The model parameters selected for each DNA region as well as the mitochondrial partition, nuclear
partition and supermatrix by MODEL TEST 3.06.
Rates of nucleotide change
DNA E!artition LTR Model A-C A-G A-T C-G C-T G-T
12S rRNA TVM+I+G 0.221 41.29 6.054 0.823 41.29 1.000
16S rRNA TrN+I+G 1.000 12.01 1.000 1.000 24.09 1.000
Cyt b GTR+I+G 1.606 28.24 2.280 0.355 35.03 1.000
Cox III TrN+G 1.000 29.87 1.000 1.000 24.80 1.000
Cyp 19 HKY
Lactoferrin K80




Mitochondrial GTR+I+G 3.842 52.14 4.502 0.896 77.76 1.000
Nuclear HKY+G
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Figure III: Maximum likelihood bootstrap topologies for a) mitochondrial partition, b) nuclear partition and c) supermatrix.
The values above the branches indicate bootstrap support for the respective nodes.
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point were removed as "burnin". A 50% majority rule consensus tree based
on single runs was constructed for each partition (Figure IV). The posterior
probability values for each run were in general agreement. Slight differences
in values were noted on the respective topologies (Figure IV). The 95% and
99% posterior intervals of mitochondrial and nuclear partitions and the
supermatrix resulted in considerably fewer unique topologies relative to those
occurring within the same posterior intervals of the individual DNA regions
(Table VII). This decrease in topologies reflects the increase in resolution
obtained from the combined analysis of DNA regions (Buckley et al. 2002).
In an attempt to compare how well each independent DNA region recovered
the phylogeny, seven nodes of interest (A-G) were identified and these are
marked on the Bayesian supermatrix topology (Figure IV). Nodes were
selected for their ability to explain associations between the different
tragelaphid species. The branch support values retrieved for selected nodes
resulting from the analysis of the ten DNA regions as well as the combined
analysis of the mitochondrial partition, nuclear partition and supermatrix under
the various methods of phylogenetic estimation showed that several
independent DNA regions did not perform well under most methods of
analysis (Table IV). This includes 12S rRNA, cyp 19, cox III, lactoferrin,
PRKCl, MGF and THY and is probably due to the limited number of nucleotide
substitutions among taxa and/or the reduced taxonomic representation for
some DNA regions (e.g. cox III, lactoferrin). The combined analyses of these
DNA regions did, however, significantly improve resolution.
Parsimony bootstrap, maximum likelihood bootstrap and Bayesian posterior
probability values resulting from the mitochondrial, nuclear and supermatrix
topologies were compared graphically (Figure V). The points in the plots were
not independent and cannot be assessed statistically but nonetheless provide
an interesting comparison. Both the parsimony and maximum likelihood
bootstrap values were highly correlated with the Bayesian inference posterior
probability values. Although recent studies (Murphy et al. 2001, Suzuki 2002)







































































Figure IV: Bayesian topologies for a) mitochondrial partition, b) nuclear partition and c) supermatrix. The values above







Table VII: The number of topologies found within the 50%,90%,95% and 99%
posterior intervals of each DNA region, the mitochondrial partition, the nuclear
partition and supermatrix.
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Figure V: Comparisons of Bayesian posterior probabilities with a) parsimony
bootstrap support and b) maximum likelihood bootstrap support. Dotted lines
represent where 70% bootstrap support corresponds to 0.95 posterior probability.
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branch support, our findings support the assumption that bootstrap support of
> 70% generally corresponds to 0.95 posterior probability (e.g. Leaché and
Reeder 2002). For example, node E, although weakly supported by the
parsimony and maximum likelihood bootstrap of the mitochondrial partition
(67% parsimony, 60% maximum likelihood), was similarly weakly supported
using Bayesian inference (0.57 posterior probability).
The tragelaphid phylogeny
The monophyletic status of the Tragelaphini tribe (node A) was confirmed by
both the nuclear partition and mitochondrial partition under the various
methods of analysis and it was therefore not surprising that this node was
similarly supported by the supermatrix analysis (Table IV). The phylogenetic
pattern retrieved by the analyses of the mitochondrial and nuclear and
supermatrix data was found to be strongly influenced by the ecological
separation of lineages and did not support several associations suggested by
morphological studies.
Node C, confirming the basal position of T. imberbis and T. angasi was
retrieved by all combined analyses irrespective of method used. A unique
31bp deletion (Appendix: 5459-5490) in the SPTBN DNA region characterized
T. euryceros, T. scriptus, T. buxtoni, T. spekei, T. oryx, T. derbianus and T.
strepsiceros. This indel was not present in T. imberbis, T. angasi nor the
outgroup taxa, thus confirming the basal position of T. imberbis and T. angasi
within the Tragelphini tribe. Although the nuclear topology suggested an
association between T. imberbis and T. angasi (77% pars, 96% ML, 1.00
Bays), this was not confirmed by decay analysis.
Node D (which unites T. buxtoni, T. euryceros, T. spekei and T. scriptus, all
species adapted to closed forest living), was consistently retrieved by both the
mitochondrial and nuclear partitions under all methods of analysis. The
monophyletic status of this group was confirmed by the analysis of the
supermatrix showing high branch support (96% pars, 99% ML and 1.00 Bays)
and decay values (optimal tree length of 2203 required 10 additional steps to
collapse node D). The close evolutionary relationship between T. spekei and
53
Stellenbosch University http://scholar.sun.ac.za
T. euryceros suggested previously by mitochondrial data (Matthee and
Robinson 1999a) was similarly retrieved by the extended mitochondrial DNA
data set presented herein (94% pars, 100% ML and 1.00 Bays). Moreover,
this association was confirmed by the nuclear partition as well as the analysis
of the supermatrix under various methods of analysis. The faster evolving
mitochondrial DNA yielded better resolution of the terminal nodes of this
closed forest group, and placed T. scriptus as a sister lineage to the T. spekei
and T. euryceros clade (94% pars, 99% ML, 1.00 Bays). This was similarly
reflected in the supermatrix topology (node F, 96% pars, 98% ML, 1.00 Bays).
An association between T. derbianus, T. oryx and T. strepsiceros, which are
united by shared physiological adaptations to an arid savannah environment
was not consistently retrieved in all methods of analysis. The morphologically
similar T derbianus and T. oryx were grouped 'as sister taxa by maximum
likelihood analysis of the nuclear partition (85% bootstrap) and the
supermatrix (86% bootstrap). Node E, which unites T. strepsiceros and T.
oryx in the analysis of the mitochondrial partition and supermatrix was not
supported by the nuclear topology which favored a close association between
T. strepsiceros and the four species in the closed forest group (T. buxtoni, T.
euryceros, T. spekei and T. scriptus). Branch support values of 85%, 83%
and 1.00 were obtained respectively with parsimony, maximum likelihood and
Bayesian inference.
Distribution of support among the different data partitions
Nodes A, B, C, F and G were constantly retrieved irrespective of the removal
of any DNA region suggesting that their retrieval by supermatrix analysis was
not influenced by any single DNA region. Only nodes A, D and G in the
supermatrix were statistically supported by Templeton's test (Figure VI). This
was not surprising given that these nodes were constantly retrieved (bootstrap
values > 75% and posterior probability values > 0.95) in both the
mitochondrial and nuclear topologies. The unambiguous synapomorphies
derived from each DNA region and obtained for each selected node (Figure








Figure VI: The number of unambiguous synapmorphies, nodal data set influence and nodal significance values for each DNA
region at nodes A-G.
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synapomorphies in support of the monophyletic status of the Tragelaphini
tribe (node A).
The analysis of each DNA region independently resulted largely in unresolved
topologies (Table IV). Surprisingly, however, many of these DNA regions
provided positive character support for nodes when analyzed as part of the
supermatrix (e.g. PRKCI for node C and G, as well as 16S rRNA for node 0
and F). These positive NDl values were supported by Templeton's test
suggesting that their removal resulted in non-significant values in the
truncated supermatrix analysis.
The monophyletic status of the tribe Tragelaphini (node A) was consistently
well supported in all combined topologies (100% bootstrap support and 1.00
posterior probabilities). Moreover, it was significantly supported by
Templeton's test although the NDl values suggest that the inclusion of
aromatase cytochrome p-4S0 (cyp 19) and 12S rRNA within the supermatrix
negatively effected this node. These and other marginally negative NDl
values obtained for several of the nodes that were well supported by the
combined analysis and the Templeton's tests (i.e. node 0, F and G) may,
however, result from the reduced numbers of variable characters (or the
missing data) characterizing a number of DNA regions.
The distribution of probability values retrieved by Templeton's tests illustrate
that different DNA regions are better able to resolve different nodes. For
example, the removal of only five DNA regions resulted in non-significant p-
values at node G (i.e. node G was unaffected by the removal of lactoferrin,
12S rRNA, MGF, THY and SPTBN) suggesting that the phylogentic signal in
support of this node was contained within the cytochrome b, cox III, cyp 19,
16s rRNA and PRKCI data sets.
Node 0 which was well supported by cytochrome b sequences (NDl = 10),
was not resistant to the removal of the cytochome b data set and thus the
significance of this data set at that particular node could not be calculated.
Lee and Hugall (2003) suggested that larger data sets, such as our
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cytochrome b data set (which contributed 41% of informative characters to the
supermatrix), may generate inflated NDl scores and non-significant values
when assessed using Templeton's test. The possibility exists that the T.
buxtoni lineage diverged from the other closed forest species nearly
contemporaneously, resulting in this relationship being supported only by the
most rapidly evolving DNA markers. This would explain why both 16S rRNA
and SPTBN, which contain relatively more variable characters that the other
markers, retrieved positive NDl values at this node. Interestingly, the removal
of these DNA regions from the supermatrix resulted in not significantly support
for this node.
Tests of alternative molecular phylogenies
Our constraint analyses, which tested the robustness of some phylogenetic
associations retrieved in the mitochondrial and supermatrix topologies (Table
VIII), resulted in the rejection of a single origin for the species adapted to the
drier savannah environment (T. derbianus, T. oryx and T. strepsiceros, P =
0.001). In contrast, this association could not be rejected by the nuclear
partition (P = 0.193). The association between T. derbianus and T. oryx as
suggested by morphological studies and supported in the nuclear topology
was rejected by the analyses of the mitochondrial and supermatrix data sets
(P = 0.001). By enforcing an association between T. oryx and T. strepsiceros
in the nuclear tree a better topology was obtained than that suggested in the
unconstraint tree and this implies that the association between these two
species could not be rejected. An association between the two basal species,
T. angasi and T. imberbis, suggested in the nuclear tree was rejected by both
the mitochondrial and supermatrix topologies (P = 0.001).
Mitochondrial versus nuclear DNA markers
The interpretations of tragelaphid evolution has been characterized by
conflicting morphological and mitochondrial DNA evidence (Gatesy et al.
1997, Hassanin and Douzery 1999a, Hassanin and Douzery 1999b, Matthee
and Robinson 1999a). By including nuclear DNA sequence data we
attempted to confirm or invalidate the relationships suggested by the
morphological and mitochondrial DNA studies. The nuclear DNA regions
57
Stellenbosch University http://scholar.sun.ac.za
Table VIII: The statistical support for the alternative hypotheses on the tragelaphid
phylogenetic relationships based on the Shimodaira-Hasegawa (1999) test.
Tree -inL t,-inL P value
Mitochondrail and supermatrix unconstraint tree 19171.25
Monophyletic savannah group 19231.15 59.89 0.001
T. derbianus sister to T. oryx 19247.82 76.57 0.000
T. derbianus sister to T. strepsiceros 19369.76 198.51 0.000
T. angasi sister to T. imberbis 19333.66 162.41 0.000
Nuclear unconstraint tree 19175.92
Monophyletic savannah group 19185.34 9.42 0.193
T. oryx sister to T. strepsiceros 19168.19 7.73 0.165
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were, as expected, considerably less variable than those of the mitochondrial
partition. This lack of variability did not, however, adversely effect the
phylogenetic analyses that utilized both mitochondrial as well as nuclear
markers and the combined analysis yielded a robust and well resolved
phylogeny for the tribe. Our study clearly demonstrates the ability of the
nuclear intron sequences to resolve associations at taxonomic levels
previously considered intractable using slower evolving nuclear markers
(Macnish et al. 2002, Cortés-Ortiz et al. 2003). The higher Cl and RI values
generated by the nuclear DNA suggests that these markers were less prone
to homoplasy and saturation in our study, which is often characteristic of
mitochondrial DNA markers (e.g. Allard et al. 1992, Gatesy et al. 1997). On
the other hand it is important to realize that at this taxonomic level, the nuclear
DNA sequence data tend to be more useful only when a large number of
characters are employed (i.e. the combined nuclear DNA data set presented
herein). From these findings it is thus difficult to make recommendations for
future research as to which markers will be most useful (mitochondrial or
nuclear) at this taxonomic level. Clearly the different markers employed in the
present study contribute phylogenetic resolution at different nodes and it is
thus not unexpected that the combined approach generally outperformed any
single gene analysis.
Tragelaphid systematics: molecules versus morphology
The delimitation of species on ecological grounds in the present study through
the analysis of the mitochondrial and nuclear partitions both singularly as well
as in combination supports the phylogeny presented herein. Based on DNA
sequence data our findings suggest that the morphological characters
previously used to describe the relationships within the Tragelaphini tribe are
convergent and therefore not good indicators of phylogenetic relatedness.
Such morphological convergence is not a new phenomenon and is prevalent
in numerous mammalian orders (Chevret et al. 1993), specifically it has been
observed within a number of bovid tribes (Estes 1991, Gatesy et al. 1997,
Matthee and Robinson 1999a).
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Given that our study is presently the most taxonomically comprehensive, for
the Tragelaphini we consider our supermatrix phylogeny stable. In particular
the monophyletic status of the tribe and the group containing the four closed
forest species (T. buxtoni, T. euryceros, T. spekei and T. scriptus) as well as
the basal position of T. imberbis and T. angasi which were resistant to
bootstrap and DNA region removal.
Although our nuclear data are unable to confirm the association between T.
strepsiceros and T. oryx suggested by the mitochondrial DNA, the constraint
analysis which enforced an association between these two species could not
be rejected as an alternative topology. A likely explanation may be that the
nuclear DNA markers have mutational rates that are too slow to adequately
resolve this relationship (i.e. not enough nucleotide changes have
accumulated since common ancestry). Similarly, an association between the
two most basal species T. imberbis and T. angasi, which was resolved by the
more conservative nuclear markers, was not detected by the faster evolving
mitochondrial DNA markers. The nuclear sequence data included in our study
suggest the inclusion of all extant species into a single genus, Tragelaphus,
confirming the conclusions of previous studies based on fossil evidence (Vrba
1987), mitochondrial DNA sequences (Essop et al. 1997, Gatesy et al. 1997,
Hassanin and Douzery 1999a, Matthee and Robinson 1999a) and allozymes
(Geogiadis et al. 1990).
The supermatrix approach
Phylogenetic analyses of the independent DNA regions produced largely
unresolved topologies (Table IV), with only the highly variable cytochrome b
data set resulting in a topology comparable to that obtained by analysis of the
combined data (retrieving all nodes except node E). The simultaneous
analysis of all mitochondrial markers, the nuclear markers and the subsequent
merging of all sequence data into a single data matrix or "supermatrix"
resulted in increased resolution and nodal support for both the deepest and
more recent nodes of the tragelaphid evolutionary tree. This study therefore
confirms Sullivan's (1996) suggestion that combining DNA regions with
different evolutionary constraints leads to the incorporation of phylogenetic
60
Stellenbosch University http://scholar.sun.ac.za
signal present in some DNA regions which is often obscured in independent
analysis by noise or weakened by the lack of sufficient phylogenetically
informative substitutions. This was clearly evidenced by the NDl and
Templeton's tests which show that unresolved independent DNA regions may
often provide positive character support in supermatrix analysis even when
the addition of some DNA regions (i.e. cox III, cyp 19 and lactoferrin) resulted
in increased missing data. Additionally our supermatrix summarizes all
currently available sequence data and, identifies areas of missing data for
future research (for example, the tentative relationships suggested between T.
strepsiceros and T. oryx, and T. angasi and T. imberbis by our sequence data
will need further investigation).
Molecular clock
i) Among-lineage rate variation
The relative rate test (Robinson-Rechavi and Huchon 2000) performed using
B. tragocamelus as reference taxon indicated no significant rate heterogeneity
among lineages in the nuclear partition. Examination of the mitochondrial
partition identified a single significant difference in substitution rates between
T. oryx and T. angasi (P = 0.008). The relative rate test using B. taurus as
outgroup species resulted in no significant difference in rate heterogeneity
among lineages in the mitochondrial partition. Surprisingly, examination of the
nuclear partition with B. taurus as reference taxon indicated a significant
difference in evolution rate between the T. buxtoni and T. scriptus lineages (P
= 0.008). A molecular clock could not be rejected by the S-H test for neither
the nuclear (P = 0.202) nor the mitochondrial (P = 1.00) partitions. Given the
fairly uniform rate of evolution among tragelaphid lineages suggested by both
the relative rate test and the likelihood ratio based test, the application of a
molecular clock for the nuclear partition and mitochondrial partition was
deemed appropriate.
ii) Molecular dating
The potential pitfalls associated with using a single DNA region for molecular
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Figure VII a): Molecular clock regression analysis on SPTBN (x), MGF (.), THY
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Figure VII b): Molecular clock regression analysis on cytochrome b (+) and 16S
rRNA (.) based on corrected sequence divergence and fossil dating.
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mitochondrial and nuclear partitions. We followed Allard et al. 1992, Hillis et
al. 1996, Matthee and Robinson 1999a and Flagstad et al. 2000 by applying
regression analysis to the fossil dates (in millions of years before present) and
sequence divergence values (Figure VII). To facilitate comparisons among
the different DNA regions, maximum likelihood corrected sequence
divergence values were calculated (by applying models selected in
MODELTEST) and used in the regression analysis.
As anticipated, the nuclear markers were found to evolve more slowly than the
mitochondrial DNA loci. Of the markers, the PRKCI partition was the most
conserved DNA region (mutational rate of 0.153% per million years) and
cytochrome b the most rapidly evolving. In the case of the latter the
mutational rate was 8.29 times greater than the average mutational rate of the
slower nuclear partition (0.2548% per million years, Table IX). Following
Matthee and Robinson's (1999a) suggestion that transversional changes may
increase linearly over time we decided on an additional molecular clock
calibration using only cytochrome b transversion based sequence divergence
values. The mutational rate was found to be 0.1995% transversions per
million years. Although higher than the rate suggested for cytochrome b by
Hassanin and Douzery (1999a, 0.13% transversions per million years) for the
family Bovidae, our rate estimation within the tribe corresponds closely with
that of Matthee and Robinson (1999a, 0.22% transversions per million years).
We place the divergence of the Tragelaphini at 13-19.4 MYBP (range of
values refer to the extreme estimates obtained from the different DNA regions,
Table X) based on clock calibrations from the four nuclear DNA regions. The
split between the basal species T. angasi and T. imberbis (both species
occurring in bushland habitats) and the other tragelaphid antelope was
estimated to have occurred 5.3-6.7 MYBP. This was followed by a period of
rapid ecological specialization resulting in those species that are confined to
moist forest environments (T. buxtoni, T. euryceros, T. spekei and T. scriptus)
and those adapted to more arid savannah environment (T. derbianus, T. oryx
and T. strepsiceros); our estimates place this at 4.1-5.7 MYBP. Our second
approach to date the cladogenesis within the Tragelaphini using the
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Table IX: Details of the regression analyses and the evolutionary rates of the
each DNA region used in the molecular clock calibrations.








cyt b -2.127 2.11%
16S rRNA 0.948 1.12%
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Table X: Summary of the divergence times (in millions of years before present) estimates using the molecular clocks.
Divergence times (MYBP)
Divergence event PRKCI MGF THY 5PTBN 165 Cyt b Average Average Average
rRNA nuclear mitochondrial multisene
Tragelaphini tribe diverge from other bovid tribes 16.94 15.69 19.42 13.09 13.79 15.07 16.28 (±3.17) 14.43 (± 0.64) 15.67(±3.17)
T. imberbis and T. angasi diverge from the other 6.65 5.74 5.26 6.72 9.72 8.69 6.09 (± 0.73) 9.21 (± 0.52) 7.13 (± 2.23)
Tragelaphids
Closed forest group diverge from the T. derbianus, 5.74 5.64 4.14 5.35 5.93 5.79 5.22 (± 0.80) 5.86 (± 0.07) 5.43 (± 0.89)
T. oryx and T. strepsiceros.
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mitochondrial DNA based calibration (Table X) corresponds well with those
obtained from the nuclear DNA regions. Analysis of this marker places the
initial tribal diversification within the family Bovidae at 13.8-15 MYBP (cf 13-
19.4 MYBP based on nuclear sequences, see above). The split between the
basal bushland species (T. angasi and T. imberbis) and the other tragelaphids
was estimated to have occurred 8.7-9.7 MYBP (cf 5.3-6.7 MYBP based on
nuclear sequences), with the split between the moist forest adapted species
(T. buxtoni, T. euryceros, T. spekei and T. scriptus) and savannah adapted
species (T. derbianus, T. oryx and T. strepsiceros) at approximately 5.8-5.9
MYBP (cf 4.1-5.7 MYBP based on nuclear sequences). Our divergence dates
are broadly similar to estimates from previous molecular clock calibrations that
suggest that the tribe emerged 14-16 MYBP, with later intertribal lineage
turnover events occurring in the late Miocene or at the Miocene-Pliocene
boundary (Vrba 1985a, Geogiadis et al. 1990, Hassanin and Douzery 1999a).
The interspecific and intraspecific (Haltenorth 1963) variability in many of the
morphological features previously used to delimit the group and the effects of
the morphological convergence makes the tracking of species turn-over from
the fossil record difficult. For example Gentry (1978) suggested that T.
strepsiceros and T. imberbis diverged approximately 3 MYBP, which is clearly
in conflict with the molecular phylogeny presented herein.
iii) Divergence estimates using multiple loci
Estimates from single genes are often plagued by large statistical errors
(Kumar and Hedges 1998). The use of multilocus molecular clocks are
thought to provide a more reliable estimate of lineage divergence, the
underlying rational being that different DNA regions provide phylogenetic
signal at different hierarchical levels. In combination therefore, they may
provide the best overall resolution of a phylogeny (Hillis 1987). The six
selected DNA regions were compared graphically (Figure VIII) in order to
explore the accuracy of the dating across several DNA regions. Divergence
estimates (in millions of years) are listed (Table IX) from the most
conservative DNA region on the left (PRKCI- average evolutionary rate of
0.153 mutations per million years) to the most rapidly evolving on the right






















Figure VIII: The distributions of estimated divergence times for a) divergence of
members of the Tragelphini from the outgroup taxa, b) the divergence of the two
basal species (T. imberbis and T. enqesï; from the remaining tragelaphid species
and c) the split between the closed forest group (T. buxtoni, T. euryceros, T.




Table IX). The distribution is skewed to the left when the oldest divergence
event is examined (Figure VIII a) shifting to the right when estimates for the
more recent divergence events are plotted (Figure VIII b and c). Our data
suggest that the deeper events are generally more accurately estimated when
using the slower evolving nuclear DNA regions (i.e. PRKCI and THY), while
the faster rate of the mitochondrial DNA regions (i.e. 16S rRNA and
cytochrome b) are more suitable for estimating more recent divergence
events. The lack of a well-defined peak of distribution in Figure Villc,
suggests, however, that the most recent divergence event (the split between
the closed forest and savannah species), is predicted equally well by both the
slower and faster evolving DNA regions.
Correlation of phylogeny with Paleoclimatic change
Although the tempo governing tragelaphid evolution can be estimated using a
molecular clock, the mode of speciation can only be examined by comparing
the tragelaphid phylogeny with paleoclimatic changes in Africa. The present
study is the first to include representatives of all nine recognized species and
meets the criteria proposed by Barraclough and Nee (2001), who hold that
patterns of speciation can only be accurately illuminated if all extant species
from a selected group are sampled.
A number of speciation hypothesis have been proposed that acknowledge the
role of climate change on lineage turnover. These include gradualist
environmentalism, punctualist enviromentalism and the turnover-pulse
hypothesis (Vrba 1985b). Gradualism, first proposed by Darwin, has natural
selection as its foundation and emphasizes the interaction between organisms
and the environment. This theory acknowledges the role played by climate
change on lineage turnover but suggests that this may not be the only cause
of speciation and extinction (Vrba 1980, Vrba 1984). Over time a constant
"background noise" of turnover events are to be expected with an
acceleration, or peak, in response to extremes in environmental change (Vrba
1980, Vrba 1984). The punctuated equilibrium hypothesis proposed by
Eldredge and Gould (1972) suggests rapid genetic changes within
geographically isolated populations as the main force driving lineage turnover.
69
Stellenbosch University http://scholar.sun.ac.za
Populations faced with new environmental pressures would be subject to
directional selection (Vrba 1984). In small populations the limited number of
individuals would allow for more rapid fixation of neutral alleles by random drift
(Vrba 1984). The turnover pulse hypothesis (Vrba 1985a) suggests that
speciation would not occur unless forced, or initiated, by changes in the
physical environment. Speciation would occur in pulses over time, as
predicted by the punctuated equilibrium hypothesis, and that changes in the
physical environment would be captured in the fossil record and reflected
across diverse phylogenies.
During the Miocene-Pliocene period Africa was subject to periods of climatic
change (Gerling et al. 1997, Vrba 1995, Zachos et al. 2001). There was a
general global cooling (associated with the development of the polar caps)
with global temperatures declining sharply during both the mid-Miocene
(approximately 14MYBP) and Pliocene (approximately 5MYBP, Gerling et al.
1997, Zachos et al. 2001). The decline in temperature during the mid-
Miocene saw an increase in seasonality leading to the expansion of savannah
grasslands and the contraction of humid forest zones into geographically
isolated forest "islands" surrounded by drier bushland and savannah (Lindsay
1998). Such climatic change would have created conditions favorable for the
evolution of drought-resistant species able to exploit the expanding grassland
vegetation (Georgiadis et al. 1990). Gerling et al. (1997) suggested that
during this period, grazing antelopes and hippos replaced chevrotains and
anthracothers as the dominant artiodactyls. This evolutionary pattern is
indeed reflected in the phylogeny of the Tragelaphini tribe presented herein.
The times of sudden declines in temperature correspond well to times of rapid
lineage turnover as estimated by both molecular clocks (Table X). The tribe
Tragelaphini diverged from the other bovids during the mid-Miocene at
approximately 15.7 MYBP, probably prompted by the cooling trend which
reached a peak at approximately 14 MYBP. The species T. angasi and T.
imberbis (representing the most basal species in the molecular phylogeny)
separated from the other tragelaphids at approximately 7.1 MYBP. This initial
divergence was followed by the ecological specialization of species with a split
occurring between species adapted to a more tropical environment including
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T. buxtoni, T. euryceros, T. spekei and T. scriptus, and species adapted to a
more arid savannah environment including T. derbianus, T. oryx and T.
strepsiceros. This final cladogenesis probably coincided with the Miocene-
Pliocene boundary approximately 5.4 MYBP and the decline in global
temperature approximately 5 MYBP (Cerling et al. 1997, Zachos et al. 2001).
This correlation suggests that environmental change, and the associated
increase in habitat diversity probably, was the major driver of cladogenesis
within the Tragalephini. As predicted by Vrba's (1985a) turnover pulse
speciation hypothesis, this same pattern of lineage turnover suggested for the
tribe Tragelaphini is also reflected in other non-related taxa (Lacertidae, Fu
2000), which similarly underwent a rapid radiation into grassland habitats
during the Miocene-Pliocene period.
In conclusion, the key to predicting what future influence climatic change will
have on contemporary species lies in understanding the evolutionary
mechanisms of the past. The fossil record suggests that long-term global
climatic change leads to an alteration in the availability of appropriate habitats
thereby accelerating rates of speciation and extinction in many groups (Vrba
1995). By matching the evolutionary events predicted by our phylogeny with
periods of significant climatic change, we suggest that climatic change acted
as a major evolutionary determinant within the tribe Tragelaphini. One cannot
help but wonder what effect future climate change will have on the
tragelaphids and, in a broader sense, biodiversity in Africa, given the impacts
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Appendix: Alignment of the sequence data used in the present study, (-) representing a
gap and (?) representing missing data. Character partitions are as follows: 1-1140
cytochrome b, 1141-1923 cox III, 1924-2117 cyp 19, 2118-2458 lactoferrin, 2459-2806
168 rRNA, 2807-3397 128 rRNA, 33398-3894 PRKCl, 3895-4576 MGF, 4577-5243 THY,
5244-6008 8PTBN. Taxonomic sampling is as follows: GE- T. derbianus, CE- T. oryx,
GK- T. strepsiceros, LK- T. imberbis, CN- T. angasi, MN- T. buxtoni, B- T. euryceros, 81T-





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5290 5300 5320 5330 5340 53505310
CAGAGCGGGTGAGAGGTGTCAACGCTTCTGCCCAGAAGTTCGCAACCGATGGGGAAGGTAAGGATGGACCGACCCCGACG
CAGAGCGGGTGAGAGGTGTCAACGCTTCTGCCCAGAAGTTCGCAACCGATGGGGAAGGTAAGGATGGACCGACCCCGACG











































































































































































































































































































































































































5930 5940 5960 5970 5980 59905950
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACAGGAGCCCATGCTACTGCTGTCACACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCACACCCATGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCACACCCATGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATATTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATATTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATATTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCATACCCGTGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGANCCCATGCTACTGCTGTCATACCCATGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCGTGCTTCCGCTGTCACACCCATGTGCCCACCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCACACCCATGTGCCCGCCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACTGCTGTCACACCCACGTGCCCGCCTTGATATCACACAGGTTACAAGCCCTGCGACCCCC
GTGCACGGGAGCCCATGCTACCGCTGTCACACCCATGTGCCCACCTTGATGTTACACAGGTTACAAGCCCTGCGACCCCC
109
5840
5787
5779
5786
5778
5786
5770
5811
5819
5785
5785
5751
5786
5735
5778
5787
5777
5763
5793
5802
5920
5867
5859
5866
5858
5866
5850
5891
5899
5865
5865
5831
5866
5815
5858
5867
5854
5843
5873
5882
6000
5947
5939
5946
5938
5946
5930
5971
5979
5945
5945
5911
5946
5895
5938
5947
5934
5923
5953
5962
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GEl AGGTAATC 5955
CEl AGGTAATC 5947
CE2 AGGTAATC 5954
GKl AGGTAATC 5946
GK2 AGGTAATC 5954
LKl AGGTAATC 5938
CNl AGGTAATC 5979
CN2 AGGTAATC 5987
MNl AGGTAATC 5953
MN2 AGGTAATC 5953
Bl AGGTAATC 5919
B2 AGGTAATC 5954
SITl AGGTAATC 5903
BBl AGGTAATC 5946
BB2 AGGTAATC 5955
IMP AGGTAATC 5942
COW AGGTAATC 5931
BUF AGGTAATC 5961
NIL AGGTAATC 5970
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